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Introduction {#Sec2}
------------

Since the first reports showing over-expression of OKSM transcription factors in mouse \[[@CR1]\] and human \[[@CR2], [@CR3]\] cells to generate iPS cells (iPSCs), many attempts have been performed with bovine \[[@CR4]--[@CR7]\] and porcine cells \[[@CR8], [@CR9]\], albeit with limited success. In bovine, the use of retro and lentiviral vectors has been widely reported \[[@CR10]--[@CR14]\], one report describes the use of non-integrative vectors \[[@CR15]\] and two studies report transposon-based delivery systems \[[@CR7], [@CR16]\]. A major limitation of current protocols for bovine and porcine iPSC generation is that in all cases the cells under the reprogramming process fail to silence the exogenous factors \[[@CR8], [@CR17]\]. Therefore, only partially reprogrammed b-iPS like cells and p-iPS like cells have been reported so far. Culture media used so far in farm animals iPSC generation do not sustain endogenous expression of pluripotent transcription factors \[[@CR4]\], and therefore other culture conditions must be studied.

In human, cell culture conditions for embryonic stem cells (ESCs) and iPSCs have evolved from feeder-dependent and feeder-free medium to defined medium on defined extracellular matrix (ECM). In addition, chemical approaches have been developed to dramatically improve (\> 200-fold) the efficiency of iPSC generation from human fibroblasts within 7 days of treatment \[[@CR18]\], suggesting that some of these principles could be used with farm animal derived cells.

The main objective of this study was to establish a biotechnological platform for the generation of fully reprogrammed bovine and porcine iPSC using different strategies. Lentiviral vectors were used for introducing reprogramming factors human OKSM (h-OKSM) and different culture media were tested during the reprogramming of bovine and porcine embryonic fibroblasts (BEF and PEF, respectively).

Methods {#Sec3}
-------

### Cell culture, lentiviral particles stock preparation, transduction and reprogramming in FGF plus KSR medium {#Sec4}

See Additional file [1](#MOESM1){ref-type="media"}.

### Transduction and reprogramming of PEF in SB43 medium {#Sec5}

iPS like cells were generated from PEF from 3rd passage (See Additional file [1](#MOESM1){ref-type="media"}, Fig. S1a). Fibroblasts were plated onto 6-well plates at a density of 100,000 cells/well for PEF and transduced with cryopreserved concentrated lentiviral particles (See Additional file [1](#MOESM1){ref-type="media"}). PEF were transduced twice (×2) at 24 h intervals. In each transduction run, 1.5 µL of STEMCCA stock and 7 µg/ml of Polybrene were added with 1.5 ml of complete DMEM, a medium that promotes fibroblast growth. PEF were passaged 72 h approximately after the last transduction, depending on the confluence, and seeded into Geltrex-coated 6-well plates with SB43 medium \[[@CR18]\] at different densities (10,000 and 20,000 cells per well). Two densities are commonly tested to avoid over confluence. Medium was changed daily, and colonies were picked manually using a needle firstto detach them, and a p10 pipette after to pick them upThen,each picked colony wasdisaggregated completely or partially using TrypLE (INVITROGEN) in a well of a 4-well plate with 100 µl of the enzyme.TrypLE was inactivated adding an equal amount of FCS, cells were harvested by centrifugation and plated onto MEF feeder layer (see Additional file [1](#MOESM1){ref-type="media"}).

### Transduction and reprogramming of BEF in SB43 medium {#Sec6}

In a first attempt of reprogramming BEF with SB43 medium we proceeded as mentioned before for PEF. Since we couldn't obtain iPSC-like colonies, we decided to add more runs of transduction on cryopreserved 2× transduced BEF. Cells were thaw and seeded at a density of 25,000 cells/well in a 6-well plate. The next day, cells were transduced 3 more times in a 24 h interval (See Additional file [1](#MOESM1){ref-type="media"}, Fig. S1b) and split at two densities (2500 and 5000 cells/well in a 6-well plate coated with Geltrex) at day 3. These cells were first cultured in complete DMEMto promote cell proliferation and switched to SB43 medium at the time they reached 20--30% of confluence as is recommended in \[[@CR19]\]. SB43 medium was replaced every other day and cells were monitored daily. If cells reach high confluence while iPSC colonies emerge, cells should be passaged with EDTA at some point during the 2 weeks as is mentioned in \[[@CR19]\]. Clonally expansion of b-iPS like cells was performed as mentioned above for p-iPS like cells.

### Characterization of iPS like cells {#Sec7}

See Additional file [1](#MOESM1){ref-type="media"}.

Results {#Sec8}
-------

### STEMCCA lentiviral vector transduction allowed bovine and porcine fibroblasts to initiate the reprogramming process {#Sec9}

In a first run of experiments, transduced BEF and PEF were plated on MEF feeder layer and cultured in DMEM/F12 (20% KSR, 20 ng/ml FGF) at day 4 post-transduction. Morphology changes of porcine and bovine cells were detected at day 10 (See Additional file [2](#MOESM2){ref-type="media"}, Fig. S2a). Although bovine cells arrested growth, we obtained colonies from porcine cells. Porcine iPS like cells were obtained in all the conditions tested (with and without sodium butyrate and different MOI of STEMCCA), but as shown in Additional file [2](#MOESM2){ref-type="media"}, Fig. S2b, apoptotic cells and globular structures could be seen in most colonies at day 18, suggesting differentiation. Moreover, these cells could not be expanded by picking colonies manually, suggesting a loss of the self-renewal ability (See Additional file [2](#MOESM2){ref-type="media"}, Fig. S2c). In addition to the loss of the characteristic pluripotent stem cell morphology, a combined pattern of gene expression was detected in these p-iPS like cells (See Additional file [3](#MOESM3){ref-type="media"}). Those genes related with pluripotency (Oct4, Sox2, Nanog and Klf4) and genes related with differentiation to trophectoderm, primitive endoderm and mesoderm (Cdx2, Aromatase, Ple-1 and Esrrb; Sox17, Gata4 and Eomes; AFP respectively) were confirmed by RT-PCR of p-iPS like cells under KSR and FGF culture condition. Moreover, different colonies expressed different genes suggesting that they were not homogeneous under this culture condition (iPS like cells' colony 1 and colony 2, See Additional file [3](#MOESM3){ref-type="media"}). AP positive cells were also detected at day 24 despite the loss of stem cell morphology (See Additional file [2](#MOESM2){ref-type="media"}, Fig. S2b). The above described results were similar for those cells cultured with and without sodium butyrate.

### p-iPS like cells obtained in SB43 medium {#Sec10}

In an attempt to avoid the loss of stem cells features through time in culture, we changed the culture conditions. We tested SB43 medium to reprogram and expand potentially reprogrammed cells. Colonies appeared from both species but at different periods: after 5 days from PEF and between days 15--18 in BEF. Cells were expanded manually and enzymatically and 8 clones of porcine iPS like cells were characterized and cryopreserved. The self- renewal feature was fully characterized in these cells by immunostaining of pluripotent stem cells markers, RT-PCR of endogenous genes and AP staining. Cells presented dome-shape morphology during early passages getting more flattened and losing the clear colony edge in later passages (Fig. [1](#Fig1){ref-type="fig"}a). We detected the expression of Oct4, Klf4, Nanog (Fig. [1](#Fig1){ref-type="fig"}b) and Nodal (Fig. [1](#Fig1){ref-type="fig"}c) by RT-PCR. We also detected the NANOG and SOX2 proteins by immunofluorescence (Fig. [2](#Fig2){ref-type="fig"}a), as well as the presence of membrane markers SSEA1, SSEA4, and TRA-1-81 (Fig. [2](#Fig2){ref-type="fig"}b--d) and AP activity (Fig. [2](#Fig2){ref-type="fig"}e). Finally, we detected the expression of h-OKSM from the STEMCCA vector not only in early but also in late passages of p-iPS like cells, confirming that cells were not fully reprogrammed. Silencing of exogenous genes is required for a proper differentiation \[[@CR20], [@CR21]\]. For this reason, pluripotency was not tested since we found that p-iPS like cells presented an active expression of exo-SOX2 from STEMCCA (Fig. [1](#Fig1){ref-type="fig"}d) and remained at least until passage 12.Fig. 1Porcine iPS like cells' colonies from PEF transduced with STEMCCA cultured in SB43 medium. **a** Emerging colony at day 5 in Geltrex-coated dishes (left), at day 6 of culture (center), and flatten edged colonies of 4th passage after 4 days of culture (right); **b** RT-PCR analysis of gene expression of Klf4, Nanog and Oct4 from p-iPS-like cells' colonies (C+ positive control, pool of porcine embryos; C− negative control, water; samples: p-iPS like cells from P3 and P5); **c** Nodal expression in PEF and progressive diminution of Nodal mRNA levels in iPS-like cells of passage 2--4. **d** Exo-Sox2 mRNA from STEMCCA was analysed by RT-PCR in p-iPSC like cells. Pool of porcine embryos (PEF) were used as a positive control, samples: p-IPSC P3 and p-iPSC P5 Fig. 2Pluripotency markers in p-iPS like cells. **a** Expression of pluripotency genes NANOG and SOX2 in p-iPS like cells P2; membrane markers of pluripotency SSEA1 (**b**), SSEA4 (**c**) and TRA-1-81 (**d**) from p-iPS like cells P4, P5 and P2 respectively. Nuclei were stained with DAPI (blue) and markers were detected by immunofluorescence followed by epifluorescence microscopy. **e** Alkaline phosphatase activity (AP) in p-iPS like cells of P4

### b-iPS like cells obtained in SB43 medium {#Sec11}

Bovine iPS like cells colonies emerged at day 16 (Fig. [3](#Fig3){ref-type="fig"}), later than porcine. We amplified and cryopreserved eight colonies. In Fig. [3](#Fig3){ref-type="fig"}b, we showed colony \#3 and \#8. As we observed with p-iPS like cells, the use of SB43 medium generates homogeneous colonies also in bovine species. In a standard protocol of iPSC generation, a large colony as \#8 would not be chosen for expansion. We demonstrated that with the use of the SB43 medium, selection of colonies is not a critical step for a successful expansion, as long as the colony is morphologically homogeneous (Fig. [3](#Fig3){ref-type="fig"}b). This colony could be expanded and cryopreserved, although full characterization of b-iPS like cells was not performed due to the expression of exogenous factors.Fig. 3Bovine iPS like cells colonies. **a** b-iPS like cells' colony \#1 at Po, emerged in a 6-well plate coated with Geltrex and seeded at a density of 5000 cells/well of BEF. **b** b-iPS like cells' colonies \#3 and \#8 from a plate seeded with 2500 cells/well of transduced BEF (top left); zoom of colony \#8 (top right), expansion of colony \#8, P1 at day 1 and day 2 (bottom)

Discussion {#Sec12}
----------

The technology to generate iPS cells in farm animals is under continuous revision and still requires further improvements, particularly to maintain pluripotency features in long term cultures without the expression of exogenous factors. Avoiding the use of integrative methods seemed a suitable option; however, we initially attempted to reprogram PEF and BEF cells with episomal vectors and obtained unsuccessful results (See Additional file [4](#MOESM4){ref-type="media"}). Then, we used the polycistronic STEMCCA cassette that encodes the four Yamanaka factors in the same lentiviral vector and integrates into the host genome. This approach ensures, at least, the expression of the four TFs in the same cell avoiding the disadvantage of random expression of the TFs and the lost of the vectors inherent to the episomal-based strategy \[[@CR22]\]. Despite of detecting genomic integration of STEMCCA in BEF and PEF, our results showed that BEFs are more refractory to reprogramming in the basic culture conditions (DMEM/F12 plus KSR and FGF) than PEF. We tested two different sources of PEF (different foetuses) and five of BEF. We did not obtain colonies from BEF, whereas PEF colonies were abundant and appeared quickly after the second run of lentiviral transduction. p-iPS like colonies obtained were heterogeneous in KSR/FGF medium and started to differentiate during the first 18--20 days in culture. Moreover, they could not be manually expanded. At this time point, mouse iPSC reach the stabilization phase of the reprogramming process characterized by the independence of exogenous factors and can be expanded without losing the stem cell characteristic morphology \[[@CR23]\]. With this approach, although we achieved a good delivery system, we couldn't maintain the expression of endogenous pluripotency genes. Moreover, we did not obtain any colonies from BEF, suggesting a barrier in reaching the first step of the reprogramming process, which is the initiation phase, characterized by the mesenchymal to epithelial transition (MET) \[[@CR23]\]. In human, small molecules were used in the defined medium SB43 to enhance MET transition and improve efficiency of h-iPS cells \[[@CR18]\]. We reprogrammed BEF and PEF with an initial period post-transduction of 4--6 days in complete DMEM medium and then changing to SB43 medium. Under these conditions we obtained for the first time b-iPS like cells colonies, and as in human, we accelerated the kinetic of reprogramming in BEF, previously reported around day 30 \[[@CR10], [@CR11], [@CR14], [@CR16]\]. The kinetic of reprogramming PEF was also reduced from 14--21 days \[[@CR8]\] to 5--7 days after the last transduction. In general, for both species, colonies were homogeneous in this culture condition, and could be expanded enzymatically by single cell disaggregation, a great advantage for these species that generally are expanded manually. Therefore, this procedure increased the efficiency of iPS like cells colony expansion. As p-iPS like cells were obtained before the ones from bovine, we fully characterized them by RT-PCR and IF of pluripotency markers. Moreover, we also detected the membrane markers SSEA1, SSEA4 and TRA-1-81 and the transcription factor NANOG, which was not included in the original reprogramming TFs, indicating the activation of the endogenous gene. We evaluated if exogenous TFs were silenced in early and late passages and, consistently with other recent reports \[[@CR7], [@CR24], [@CR25]\] the iPS-like cells obtained in this work maintained expression of OSKM from the STEMCCA vector, indicating failure in silencing the exogenous TFs. The obstacles to obtain *bona fide* porcine iPS cells by using the protocol reported here are probably related to the inability of the cells to maintain the endogenous pluripotency TFs expression and to silence the transgenes in the stem cell culture medium. At the time of writing this manuscript, Ma et al. reported a paper PEF reprogramming with a Doxicyclin-inducible vector using the inhibitors CHIR, SB431542 and PD0325901, in combination with BMP4, SCF, IL-6 and human platelet lysates (PL). These culture conditions maintained the self-renewal and pluripotency of p-iPSCs \[[@CR26]\]. However, so far, it has not been reported a suitable medium and the optimal culture conditions to sustain the self-renewal and pluripotency of b-iPSCs. Despite being more difficult to reprogram BEF than PEF, we agree that unsuccessful results for establishing b-iPSCs, independent of the source of cells used, has also been related with the inability of the cells of maintaining stemness features during long term culture in the culture context used \[[@CR6]\].

Despite obtaining non-fully reprogrammed cells from BEF and PEF, we could elucidate some questions regarding reprogramming of farm animal cells with the experiments presented in this work. Remarkably, bovine fibroblasts are more difficult to reprogram than their counterpart in porcine species. All the experiments were done at the same time with both species (at least for triplicate each one) and it is a clear fact that BEFs present a higher struggle, probably due to their overgrowth during the time of reprogramming, which hampers the emergence of colonies \[[@CR19]\]. Moreover, at the time of isolating and expanding BEF and PEF from foetuses, we detected differences in cell proliferation rates between both species. Therefore, both adjusting cell density and the number of transductions were critical for obtaining and detecting the first changes in morphology from BEF. Secondly, we could partially reprogram cells under feeder-free and serum-free conditions, using Geltrex as a matrix and KSR as serum replacement. Despite obtaining colonies in Geltrex-coated dishes we could not expand them in the same conditions, having to use MEFs as feeder layer from the second passage onwards. In addition, we used enzymes for clonal expansion of p-iPS and b-iPS single cell adding a ROCK inhibitor in the medium as was reported in a study with human iPSC \[[@CR19]\]. This is important because it makes the protocol of expansion easier. Moreover, we could partially reprogram BEF using only the four Yamanaka TFs (OKSM) in its human versions and delivered by one lentiviral based vector. This had not been achieved before, mainly because it has been commonly reported the addition of other factors such as LIN28 and NANOG \[[@CR4]\].

Conclusion {#Sec13}
----------

Difficulties presented in b-iPS like and p-iPS like cells along the maturation phase suggest that modifications in the culture conditions may be necessary to transit to the stabilization phase of reprogramming. Taking into account that in the biology of the pluripotent cells this is a critical step, we speculate that in the last phase of the reprogramming process the endogenous pluripotency genes are responsible for maintaining stemness. More studies are required to unravel molecular mechanisms involved in the establishment of the pluripotent cell population during embryogenesis. To our knowledge, maintenance of pluripotency in vitro is still a bottle neck in farm animals. Future studies need to concentrate efforts in deepen the understanding of the biology of pluripotency in pig and bovine embryos so that we can define media formulations and reprogramming cocktails that may be suitable for the generation and stable propagation of iPSCs from livestock.

Limitations {#Sec14}
-----------

Cells obtained were not fully characterized. We did not perform differentiation analysis since cells were partially reprogrammed.
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**Additional file 1.** doc, Supplementary Methods. Additional information about the experimental procedures and primers sequences (Supplementary Table 1 and Supplementary Table 2 and their legends). This file also contains Supplementary Fig. 1 and its legend. **Additional file 2.** doc, Supplementary Fig. 2, this file contains the figure and its legend. **Additional file 3.** doc, Supplementary Fig. 3, this file contains the figure and its legend. **Additional file 4.** doc, Supplementary Results, this file contains Supplementary Results, Supplementary Fig. 4 and its legend and Supplementary Table 3 and its legend.

2i

:   MEK and GSK3β inhibitors

AP

:   alkaline phosphatase

BEF

:   bovine foetal fibroblast

FCS

:   foetal calf serum

FGF

:   fibroblast growth factor

iPSC

:   induced pluripotent stem cells

IWR1

:   Wnt inhibitor

KSR

:   knock out serum replacement

MEF

:   mouse embryonic fibroblast

MOI

:   multiplicity of infection

NaB

:   sodium butyrate

OKSM

:   Oct4, Klf4, Sox2 and c-Myc

PEF

:   porcine foetal fibroblast

RPM

:   reprogram medium

TFs

:   transcription factors
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